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Dislocation dynamics studies harc been conducted in highly pitre LiF and JIgO single 
crystals using strain rate cycling and stress relaxation methods between 77 and 673 O K .  

I n  both materials. the values of the dislocation velocity-stress exponent m*, obtained 
by these indirect methods do not compare well with m* values determirled using direct 
dislocation velocity measurements; in addition. m* values obtained by indirect methods 
agree with each other only to a limited cxtent. Using the indirect methods i t L  roorrt temper- 
ature for example, m* values between 3 and 16 are obtained in LiF. and values between 3 
and 55 are obtained in MgO. The rcsults indicate that the indirect methods for the deter- 
mination of m* are unreliable since its value depends on structural variables and the 
met hods of measurement. 

Es wurden versetznngsdynamische Untersnchongen von hochreinen LiF- and MgO- 
Einkristallen mittels Dehngeschwindigkcitsschwankung iind Spanniings-Erholiiigs- 
methoden zwischen 77 und 673 "C darchgefiihrt. Die Werte des Versetzungsgeschwindig- 
keit-Spannungsexponenten m*, die mit Hilfe dieser indirekter Methoden gefiinden wrirden. 
sind nicht in guter obereinstimmung mit den Ergebnissen von m*-Bestimrnungen drirch 
direkte Versetznngsgeschwindigkeitsmessungen; weiterhin stirnmen nz*-Werte, die darch 
indirekte Methoden bestimmt Tverden, nnr im begrenztcm Unifang uberein. Ziim Rrispiel 
wnrden Railnitemperaturn-erte von m* zwischen 3 nnd 16 in LiF und zwischen 3 nnd 55 
in MgO mittcls indirekter JIethoden gefiinden. Die Ergebnisse deriten an. daB die indirekten 
Methoden fiir die m*-Bestimmung auf Grund einer Abhangigkeit der JIrBwerte und 
McBmethoden nnd der strukturellen Variablen unzuverlassig sind. 

1. Introduction 
Plastic deformat'ion in a crystalline material depends upon time, temperature, 

and strain rate and is a dynamic process involving the motion of dislocations. 
The imposed strain rate i: can be written as [l] 

where b is the Burgers vector of the dislocation, pm is the mobile dislocation 
density, and Y is the average velocity of the mobile dislocations. The relationship 
betu e m  the average dislocation velocity and the effective stress applied on the 
dislocation line, z*, is most often taken as a paver la\\ dependence of the form 
P, 31 

v = (2) 
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11 herc * is tlie dislocation velocity-stress exponent in terms of effective stress 
and tt is thc cffective stress required for unit dislocation velocity. Equation (2) 
has bccln found to  be obeyed in LiF by Johnston and Gilrnan [4] and in MgO 
by Hruncau [ 5 ] ,  both of whom studied dislocation velocity measurcmcnts using 
stress pulse. tcchniques. I t  should be noted that  the validity of ( 2 )  rests only 
on cx~i~~riincwtal grounds. antl has 110 theoretical justification. 

1 II th(* rcdm of dislocation dynamics, the dislocation velocity-st r c ~  exponmt 
is gciitrally considered to  play an important rolc. This parametw is consitleretl 
to  icyr(wvit the dynamic bchavior o f  t h e  matcrial under an applied s t r t  
for exarnpl~,  the snial lc~ the value of ? ) a * ,  thc. more pronounced \ \ i l l  be thr. 
yield drop, or the delay time in creep tests. 

Sincv t hv tlircxt stress pulse method for tlctcrniining 1 ? ~ *  is difficult to  carry 
out, a nurnbcr of more convenient indirect methods have been proposed over 
the years for this determination. For many matcrials, houever, these methods 
do not yield a unique valuc of n i * ,  and, in addition. discrepancies hare  been 
observed bctv cen values obtained by the indirect methods antl those obtained 
by the direct method of dislocation velocity measurements, although feu coni- 
parisons have been made on a systematic basis. ln this paper, an evaluation of 
niost of the available methods u ill be made ~3 ith respect to  m *-determination in 
MgO antl Lip. 

2. Experimental Details 

High-purity ultra-violet-grade LiF single crystals were obtained from tlie 
Harshaw Chemical Company cleaved t o  dimensions of 10 x 4 x 4 mm3. These 
crystals were annealed a t  700 "C for 48 h and furnace-cooled to  room temper- 
ature to  standardize them and to  anneal out any damage caused during cleaving. 
Thew LIP crystals contained less than 5 ppm of divalent cation impurities, 
and had an average critical resolved shear strcss (CRSS) of 120 p/mm2 a t  room 
tempcraturc. For MgO, high-purity single crystals were obtained from the Oak 
Ridge Kational Laboratories. I n  order to get the greatest number o f  crystals 
from the same batch, these crystals Tvere sawn into small-sized crystals with 
a dianioncl saw, using one (100) face as reference. The crystals werc' then cleaved 
to  their final dimensions of approximately 8 x 2.5 x 2.5 mm3, folloit ing mhich 
they wcre annealed a t  2000 "C for 2 h in a carbon clement furnacc with an argon 
atmosphrw. This annealing treatment [6] ensured the presence of most of the 
iron impurity in the Mi,? as Fez+ and also served to  standardize the specimens. 
These MgO crystals contained about 50 ppm Fez+, and had an average CRSS 
of 1.1 kp/mni2 a t  room temperature. 

The LiF and MgO crystals \$ere tested in compression using specially designed 
jigs 171 fastened t o  an Instron machine. Tests above room temperature were 
conducted rising a nichromr-wound resistancc furnace in one compression jig 
and tests below room temperature were conducted using another jig immersed 
into a low-temperature bath held in dewar flask. Strain-ratc cycling exper- 
iments mere done using the push-button cross head speed selectoi in the Instron 
machine at  a particular temperature at various strains for strain-rate change 
ratios of 100, 20, 40, 10, 5, and 4. The change in shear stress, A t ,  \\as determined 
from stress values before and after the change in strain ra te;  t h e  temperature 
range for these tests was 77 to  673 "IC. Double-strain-rate change experiments 
were performed using three strain rates such tha t  [SI EZ/il = ~ 3 / & ,  at 198 and 

t 
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Fig. 1 .  nt ":-determination by the extrapolation method in IiF single crystals. :L) A t  

296 OK, t'Ji., = 20; b) at  196 "IC, o = 10 and A .,/i, = 20 

396 "K for LiF and a t  296 OK only for MgO. Stress relaxation tests were also 
performed a t  77 ,  296, 473, and 523 OK for LiF and at 195 and 296 "K for MgO 
single crystals. 

3. Results 

3.1 Extrapolation method 

I n  a strain-rate cycling experiment, m* can be obtained by extrapolating to  
zero plastic strain, the quantity m', defined by [9] 

determined a t  a known strain. Fig. 1 shows the variation of m' with strain 
for LiF, obtained a t  196 O K  and a t  room temperature. Here, m' increases with 
strain and is dependent upon the strain ratio employed, i'xreasing with decreas- 

T a b l e  1 
Comparison of the dislocation velocity-stress exponent m* in LiF obtained 
by larious indirect methods at  the lonest available sttai..:. Values from the 

literature are shown for comparison 
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ing strain-rate ratio a t  196 'IC. Overall, the observed value of I ) / *  obtainctl 
using this method in LiF varies from 24 at 198 OK to 10 at 573 "E;. as tabulated 
in Table 1 

In MgO there is, in general, a largcr scatter in thc data,  and the value of w' 
a t  a given strain varies nit11 t h e  strain-rate ratio used. as illustrntrd at 77 "I< 
and room temperature in Pig. 2 .  The m'-values increased with strain at 77 "IC 
for all strain-ratc change ratios, but are nearly constant IIith strain a t  195 and 
295 "I< Above room temperature. m' increases with strain. The 111 *-value 
obtained by extrapolating the nL'-values to  zero strain vary from 70 at 77 "I< 
t o  32 a t  673 OK, a$ given in Table 2 .  

T a b l e  2 
CoinpCirisoii of the dislocation velocity-stress exponent nz* in hZgO by diffcrcrit nietllod\ 

a t  the lowest av~~ i l ab le  strains. Values from the literature are shon i i  for comparison 
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3.2 AWlichalak's method 

According to Michalak[lO] and Li and Michalak[ll], a plot of At/2 versus 
AzjA In k obtained from strain-rate changc data,  will give a straight line of 
slope 711 *.according to the relation 
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Fig. 3. m*-determination using Rlichalak's method 
in a strain-rate cycling experiment or LiF  single 
crystals. i.,/i., = 100 ( 0 ) ,  40 ( X ) ,  20 (A). 10 (@), 

4 ( 0 )  

Here it is assumcd that the internal stress and the  mobile dislocation density 
remain unchanged during the strain-rate change. Pig. 3 shotss such a plot at 
t n  o temperatures for LiF;  values obtained using this technique at  other temper- 
atures arc given in Table 1. For the case of MgO, it is often the case that  (4) 
does not yield a linear plot, and the subsequent m*-values are some\\ hat un- 
certain, but the results are given in Table 2 for comparison with otliers in MgO. 
In both LiF and MgO, i t  may be noted tha t  the values of m* obtained at the 
loucbst temperatures measured are lower than the values obtained at  the next- 
Iiighrst temperature. This is an anomalous result, since m*-values are expected 
to decrease with increasing temperatures. This anomaly has not hem explained. 

3.3 Do~tble-sta*aitt -rate charge t#tethotl 

Values of 711* have also been determined for LIP and MgO single crystals 
using the double-strain-rate change technique of Li [8]. Under the assumption 
that  the mobility dislocation densities at the three strain rates used are such 
that pll12/pIl,1 = p I l l . 3 / ~ I l , 2 ,  and that the internal stress is constant for the strain- 
rate change, the internal stress tP is given by [8] 

\\here the subscripts refer to the part  of the cycle involved. Making the further 
assnniption tha t  = prll 1 ,  this yields 

Table 3 gives the values of m* obtained as a function of strain in LiF and MgO 
using this double-strain-rate change t,est a t  295 OK. I n  LiF, the m*-values 
remain fairly constant Tvith strain after an  initial decrease, an observation similar 
to tha t  of Gupta and Li [12]. In  MgO, the m*-values increase with strain. I n  
all cases tested. the values of nz* obtained in LiF by double-strain-rate change 
tests arc considerably smaller than the values obtained by the extrapolation 
method (see Tables 1 and 2 ) .  
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T a b l e  3 
The strain dependence of m*. detrr- 
mined by double-strain-rate change 

tests a t  296 "I.( 
LiF MgO 

~ ~~ 

2.70 ' 3.1 0.33 4.5 
2.71 I 3.0 0.86 3.(i 
4.46 1 2 .2  1.17 4.0 
4.98 2.01 7 . 8  
8.38 i ::I1 1 :5.72 9.4 

3.4 Stress rda.ratiou nwthocl 

Stress relaxation tests in LiF indicate that  in gcneral t h e  relaxed stress is 
a logarithmic function of rclaxetl timc. Fig. 4 slious a typical set of data for 
LiF  \\here m* is obtained from the slope of thc  plot of dt/tlt as a function of 
lg t ,  according t o  Li's analysis 181 The remainder of the drterminations arc 
given in  Table 1. It shoiild be noted tha t  at 295 "IC, the value obtained for 
711*,  14, is somenhat higher than the value o f  6 reported by Gupta and Li [ 121 
using the  same technique in similar crystalz. 

Stress relaxation curves for MgO generally she\\ more scatter than tliow in 
LiF. The results are analyscd using the  mrthotls of botli Noble and Hull 1131 
and of Li [8] According to  Koblc and Hull. a F'ht of Ig z versus Ig t should be 
linear, mith a slope of (1 - m - l  Such analysis yirlds a n  m*-value of  39 for 
MgO a t  room tcnipcrature. This is w r y  high compared to the values obtaiiicd 
using Michalak's method ant1 thc  direct dislocation velocity mcasuremmts [5]. 
but is closer to  the room tcmperature value. of ? ) I *  obtained by tlic rxtrapolation 
m'. The use of  Li's methotl for analysis of tliv strrss rrlasation curvcs gives 
a large amount of scatter from the cxpectcd liiirar behavior. as swn in F1g 3. 
Li's analysis yields a value for 711* of 2.1. nhicii conflicth vitli thr abovc, but 
n liicli i q  closr to  the value obtaiiied from Ltrniii-ratc, cliaiipc. Iiietliodi as rnay 
be notetl in Table 2 Tlicx caiisc for t l i i i  tli>crcpanc> iq  not l,no\\ 1 1  

t f s l -  - 
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4. Discussion 

I n  both LiF and MgO, there is a large scatter in the  data leading to the deter- 
mination of m* by several of the methods employed, and in general the values 
of ?n * obtained by the different indirect methods at different temperatures 
do not agree well with one another. I n  particular, m* obtained by the extra- 
polation method is much higher than the  values obtained by direct methods. 
Several reasons have been advanced for this. Li [8] has pointed out that  the 
suggestion that  this is due to  an increase in the mobile dislocation density is 
not feasible although i t  is difficult to  test the change in mobile dislocation 
density with a change in strain rate. 

Another reason given for the discrepancy is the existence of internal stresses 
[2]. T n  both LiF [14] and MgO [15], the determination o f t ( ,  by different methods 
gires large values for the athermal component of the  flow stress confirming in 
fact the existence of large internal stresses. The applied stress tR is composed 
of the effective stress t* and the internal stress tp such that  t, = t* + t!,. 
From this [lo], 

A In i A In E A In i. 
i- t,, 7 9  t, ~ = t* ~ A t  A t  (7) 

where the left-hand side of the equation is m' and the  first term of the right-hand 
side of thc equation is m*. Therefore, 

A In E 
? ) I '  = 7?2 * + SAL - at- . 

Hence, large values of zp mill give large values of in' at a given strain, and 
extrapolating these artificially high nz'-values to zero strain gives large values 
of m*. as is evident from the present work. 

Sohle and Hull [13] have also pointed out that  dislocations move through 
untleformed material during direct measurements of m*. whereas 11 hen indirect 
mcthotls are used, m* is determined for the dislocations vrhich move in already 
deformed material. Hence, back-stresses due t o  work-hardening are important 
for the indirect determinations, and the  hypothetical situation of one dis- 
location moving through the crystal in the early stages of deformation. which 
is valid for direct methods, is no longer accurate. Hence equation ( 2 )  should be 
vr i t t rn  [13] 

whcre T,) is the effective back-stress due to work-hardening. The reason for 
the  vcry high values of vi* obtained by the extrapolation method may therefore 
be due t o  the use of the externally applied stress, uncorrected for t,,. and the 
extrapolation of this artificially high values of In' t o  zero strain. 

In strain-rate change tests, the underlying assumption inherent in the dcri- 
vatioii is tha t  the density of mobile dislocations. and the internal stress, remain 
unchanged during the change in strain rate. These assumptions are untested, 
particularly since i t  is difficult experimentally to measure changes in the mobile 
dislocation density. For LiF, there is good agreement between the values of 7u* 
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obtained from thc extrapolation vi' and from the stress relaxation tests, being 
16 and 14 at room temperature, respectively. This is close to  the value of 11.2 
obtained by Soifcr et  al. [lA] using pulse techniques in Lip  single crystals 
containing 300 ppm Mg. H o ~ e v e r ,  the nz*-valucs obtained at 296 OK by Micha- 
lali's method anti by double-strain-rate changc tests, 6.7 and 3.1, resprctivcly, 
arc considerably lo\+ cr. I n  addition, there is the anomaly of the lou est temper- 
aturc. values obtaincd using Michalak's method being lo\\ cr than a higher 
tcmprraturc vnliir, as noted rarlier. Sinrc. T*-valiies obtained hy Mirhnlak's 
method are cornparablc to  thosc obtained by other methods [14], the assumption 
o f  thc constancy of zIl is pcrliaps valid a t  this temperature. 

For MgO, a large amount of scatter from thc expected behavior is observed 
i n  strrss relaxation experiments a t  both 195 and 295 'IC. Also, stress relaxation 
gives different values of m* nhen analysed in different ~ a y s .  Since stress 
relaxation involves sufficient time in hich dislocations may be able to rearrange 
themselves into Ion -energy configurations, i t  is difficult to  assure constant 
dislocation substructure during relaxation. This could be the reason for the 
discrepancy of m* in the stress rclaxation method as compared to  other methods. 
On the other hand, since it is more reasonable to  assume that  the dislocation 
density remains unchanged during an instantaneous change in strain rate [SI. 
strain-rate change methods should be more reliable than stress relaxation in  
?)z*-determinations, a t  least as far as MgO single ciystals are concerncd. It 
should be noted tha t  even for stress relaxation tests conducted a t  room tcmper- 
ature where temperature fluctuations were nil, discrepancics existed. 

This 
increase has been attributed to  ork-hardening. I n  the study of Thoronton et al. 
[17] on single and polycrjstalline copper a t  room temperature, ni' I\ as found 
to be related to  both structural changes and the mechanism of flow. For single 
crystals, m' was found t o  change from about 100 in the casy-glide region to  
about 225 in stagc 111 deformation, where i t  became equal to  the polycrystalline 
valne. Hence the philosophy of the extrapolation method to  obtain ni* can 
be questioned, since m *-values should therefore be obtaincd by the extrapola- 
tion only for those data from a single work-hardening region. However, although 
both LiF [14, 181 and MgO [S, 151 show multi-stage Mark-hardening behavior, 
there is no systrmatic variation in m' found which depends upon the particular 
11 ork-hardening stage encountcrcd. 

As has been demonstrated above, widely varying values of wz* arc found 
using indirect mctho:!a in both LiF and MgO single crystals. As Nichols [191 
has shown, the uncertainties in the variation of mobile dislocation density and 
o f  barrier shapes and spacings may lead to  variations of thc power law behavior 
on which the vz*-concept is based. Hence ?n* could differ widely for different 
methods of determination. Bailey and Flanagan [20] have taken note of  the 
depcndence of the mobile dislocation density with strain-rate change, and 
have proposed that 9 ) ~  * is not an intrinsic material deformation paranietrr since 
i t  depends upon structural variables and methods of measurement. The present 
study shows that  the indirect methods of determination of m* do not yicbld 
a unique value in either MgO or LiF, indicating tha t  they are unreliable in 
determining the deformation parameter for these crystals. This, combined \\ ith 
experimentally determined variations in m* in other systems, and the fact 
that  the pox er law relationship has no theoretical basis, indicates that  m*- 
determinations in general may have doubtful significance. 

In  the strain-rate change method, m'-values increase M ith strain. 

a ,  
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